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ABSTRACT

It is shown that the canonical light front formulation of quantum chromody-
namics is able to incorporate ideas used by Shifman, Vainshtein and Zakharov to
successfully describe many features of the hadronic spectrum in their sum rules.
1t is pointed out that the new light front Hamiltonian may lead to a quantitative

model for the structure of hadrons.
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I. Imtroduction

This paper is concerned with the construction of a dynamical formalism for
hadrons which combines some of the best features of light front quantization and

sum rules in QCD.

The light front formulation of QCD provides a method to describe the struc-
ture and interaction of hadrons in a conceptual framework based upon the Fock
state decomposition of hadronic states which arises naturally in the light front
quantization!ll. It is particularly useful in describing phenomena dominated by
short distances, like e.g. large momentum transfer exclusive processes, where only
a few leading Fock components are involved. However, to accomplish a complete
description of hadrons one would have to include an infinite number of the Fock
components in the eigenvalue problem of the light front Hamiltonian. Moreover, the
light front formalism has so far ignored subtleties due to the large scale structure
of non-abelian gauge fields, chiral symmetry breaking, and the like. Although these
do not affect hard processes, they have a profound effect on the structure of the

vacuum which in itself may be the very origin of the observed hadronic spectrum.

On the other hand, the sum rules provide a way to describe the spectrum of
hadrons!?. This is done by introducing quark and gluon condensates in diagram-
matic QCD calculation of the vacuum polarizations induced by the appropriate
currents. Such vacuum polarizations are related to the spectrum of hadrons via
dispersion relations. The vacuum condensates are supposed to exist due to non-
perturbative effects of QCD. They introduce a new scale and provide the so-called
power terms. The basic idea behind the QCD sum rules is that it is the power terms
(not higher orders in the strong coupling series) that limit asymptotic freedom and
explain the hadronic spectrum. The sum rules differ greatly from many QCD like
theories like potential and bag models which often introduce parameters that are
not related to the QCD Lagrangian. -

The natural question arises if it is not possible to include the power terms in the
light front approach to QCD. We show that the answer is positive. The resulting
dynamical formalism may lead to a quantitative model of hadrons.

In Section II we derive the light front Hamiltonian of QCD including the power

terms. They are represented by background quark and gluon fields originating from
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the vacuum. The quantization and the gauge covariant expansion of the background
fields are included.

Section III is devoted to a test calculation of the vacuum polarization according
to rules following from the new Hamiltonian. We reproduce known results for
coefficients of the quark and gluon condensates in the £+— ordered fashion, by
simple means of the definite intermediate Fock states of quarks in the vacuum
background.

In Section IV we draw conclusions and comment on prospects of further appli-
cations of the Hamiltonian to the bound states of quarks and gluons. Taking into
account the success of the light front approach in describing high energy structure
of hadrons and the surprisingly good results of sum rules for low energy hadronic
properties we sketch a scenario of how the present possibility to combine both suc-
cesses in one dynamical scheme would accomplish description of hadrons based on

the QCD Lagrangian and properties of the vacuum.

The purpose of this note is to summarize some formulas and ideas which appear
to us more self consistent than we have expected before we started the preliminary

calculations presented below.

II. The Hamiltonian

The main idea is illustrated by the set of substitutions

[0> — |a> (2.1)
¥ = Ytw
A — A+a

to be done in the standard light front formulation of QCDI!. | 0 > and | 1 > are
the perturbative and true vacuumms, respectively. The quark field ¢ and the gluon
field A are split into the standard fields 1» and A and into the necessary additional
parts w and a. The standard fields 3 and A act in the same way on the true vacuum
| 1 > as they do on the perburbative vacuum | 0 >. The parts w and a detect the
nontrivial structure of the physical vacuum | {1 >.
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A. The Light Front Splitting

The splitting of quark and gluon fields mentioned above occurs naturally on the light
front. This unique property of the light front formulation can be seen in an example

of the expansion into creators and anilinators of any field ¢ at z*+ = 2 +23=0
¢ (z* =0,z" =2° - :::3,:5*) = j‘; dkt ] d*k* [ake_“‘ + ble““] . (2.2)

The momentum k* = k® + k® is positive definite. Therefore, the integral starts at

the point k* = 0. However, this is a singular point of the theory. One should write
the field ¢ as follows

é (z-f- — O,I—,I'L) — [:D dikt f 42k [ake-—a‘kz + bleikz] +

+ j; “akt (2-3)

where the parameter § is an arbitrary small positive lower limit. The question-mark
exhibits the lack of knowledge about the nature of the singularity at &* = 0. The
last equation is already the natural splitting occuring in the light front approach to
QCD

¢ = ¢s + 5. (2.4)

The important point of the light front splitting is that the part ¢; generates standard
looking perturbation theory even if we develop calculations in the true vacuum
| @ >. Only the part p; reports on the difference between | O > and | 0 >. It
follows from the fact that the generator Pt of translations in the z~ direction along
the front is positive definite, free from interactions and by definition must anihilate
the physical vacuum | @ >. If | 11 > would contain any quantum with k* > §
created by al or bl then the Pt expectation value in | 1 > would be larger than é.
Therefore any normal ordered product of ¢;’s has zero expectation value in | {1 >.
However, we can not exclude that the proper limiting procedure yields nonzero
expectation values of products of the parts y; in the true vacuum | {1 >. Whenever
we find an expectation value of a product like < 1 | psps | 1 > we replace it by
a proper tensor times a number called the condensate. That this might lead to &

reasonable approximation in QCD is & nontrivial surprisel®.

There is no such spectacular splitting in the formulations other than the front
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form because there are no positive definite momenta in them and so some even
very large opposite momenta may contribute to the vacuum expectation values of
normal ordered products of fields.

B. Details of Hamiltonian

The QCD Lagrangian is
1 v - .
Lt = -ET?' F‘“ Ft“y + ‘¢|; (3 .pt - m) ¢g (2.5)
where we split flelds ¢; and A, into parts

v = ¢Y+w (2.6)
Ag = A—l—a

according to the previous Section II. A. Qur notation will be explained more ex-
plicitly during further calculations. The background fields w and a are constrained

by their own equations of motion (TrT“T” =36 “"’)

d*f,, = gy T'w.-T° (2.7}

(d—-m)w = 0

This turns out to be the necessary condition to avoid the problem of inverting the
operator k¥ = 9%t = £23—2—_- on the background fields themselves in the construc-
tion of the Hamiltonian. On the other hand it means that the background fields
are saddle points of the action. Including their vacuum expectation values would
correspond to averaging over the saddle points. Thus the nontrivial structure of the
saddle points would be shrunk into the singular vacuum state | 1 > on the light
front. We include the fields w and @ to extract from the singular | 2 > its influence

on the quantum excitations described by the fields 1 and A.

The equations of motion for the fields ¢ and A result from subtracting the
background equations of motion (2.7) from the full equations of motion for the
fields iy and A;. They are

BuF* + 3, K™ = ig[Au, F*|+ L+
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+ gYy'T Y - T° + M* (2.8)
(f2—m)y = gAY+ ¢

where

rrrrr

K# = ig|A* a”] + ig[a¥, A"]
L* = —ig[Au, f* + K] = igla,, F* + K*| (2.9)
MY = gyy'T°w- -T*+ guy*Ty - T°
£ = gAw+g gy

and we use notation defined in the Appendix.

The independent dynamical fields are ¢, = A, ¢ and A%t = 1,2, while we use
the gauge AT = a* = 0 and Ay = 7%7* together with 4+* = 7% £ 4. We use
conventions of Bjorken and Drell. The canonical energy-momentum tensor renders
the Hamiltonian

H = % [dzdt - =ht H (2.10)

where h denotes the background energy and H is
H = [ards  {Tr( = F* 0 4= F* 0700 — [* -0 Au+ L PP Fpo+
+ FPofa, + FPoKg, + fP*Kga + -;-K"“Kpa Y+ (2.11)
+ wliomw, + pliomw, +wlio g, ).

The procedure of expressing H by independent degrees of freedom is done essentially
the same way as in Reference(l*. The only complication stems from the additional
terms in the equations of motion. So we only stress the role played by the gauge
condition A* = q¢* = 0 and by the subtraction of pure background terms, which
allow inversion of 1% by means of & in the Fourier representation because k* is
never smaller than 6. This way we eliminate seagull terms in which (£3+)_1 would
act on background fields alone. To justify integrations by parts we have to impose
vanishing boundary conditions on the independent fields 1, and A* at spatial light
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front infinity. The result for H is
H = .[da:—dz:cl)( (2.12)
where
¥ o= wloob, +elo oy +(oops)ws +
+ 9@ +w)(;1 + AP +w) - 9@ hat

~ ot

B SRy Sy (R R

zig7 Mt

TR S A e My ¥ RNY S M ]+

1
g* 2.13
+ Tr\Il( a_'_)z‘lf + (2.13)
Trd AT - AT + Trd* A7 - 8'a’ + Trd'a’ - 9' A7 +

2¢ Tr ia"(;i" + af) - [;1,, + aa,;i,g + a,g] —2¢ Tr i8%a® [aa,ag] +

S [an 0, 4 + o) [Ae + 00, Bt ag] + ST 0%, 0] [0,
and
¥ = ¥Te
T° = (§+ @) TP +w) — @y Tow + (2.14)
(4 - [i0* (A% + 0°), Aa + aa] + [i8%a%, aa]
The notation is

p=ti+9. ¢
AI_AI» A-_

1 iR
T oY, o=1da'+Pm (2.15)
ia¥

2 i FA At =0

C. The Quantization

We expand fields at zt = 0 as follows

~ dk*dtkt
W) = |

B, - ey - u. - e—s'k:—t|z| + dc v v eikz—c|z|
s 2 { 0hn e - we Ex  Vka -
+>5 16m3kt <

c
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+ 4211 .
j dktd*k { ai.\ . 52)« .Te . —ukz —&lz| + au 5 I clkz—tlzl }
k

AH(I) = +>§ 16w3kt

(2.16)

where the boundary regulatore | z |= (| 27 | + | 2! | + | z? {) is omitted in further
calculations. Imposing commutation relations (k = (k*, k%))

{bnth) = {dpndh}
= {az,aln} (2.17)
= 167°k*63(K — F) - banr
(6,6} = {d,d} = ..=0

implies in the limit 6,6 —» 0 (£ = (z7,z'))

(@00 @}, ., = 18°(E-9) (2.18)

[Ai(f)’ o4 (!T)] sh=yt=0 ,'5"1'53(55 - 9)
The spinors ux, and v are defined as®!

Upy — S(k,m) [EA] (2.19)
via = S(k,m)[3*],

where

S(k,m) = \/,Z [mA_ + (k% + atk*)A,] (2.20)

is the spinor 4 X 4 matrix representation of the boost from the rest frame of a
particle of mass m to the frame, where it has momentum k. This is an example of
boosts which exactly solve the problem of boosting bound states in the light front
form of dynamics. x, is a two component spinor denoting the spin projection along
the z-axis and C denotes charge conjugation. Otherwise we follow conventions of

Reference!l?l,

Inserting the expansions {2.16) into our Hamiltonian one obtains the desired

expression for H;. It contains the same terms as given in Reference!l*l, which lead
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to the light front perturbation theory as described there, and many additional terms

involving the background fields, which require separate treatment.

D. The Vacuum Background

The net influence of the vacuum background on quarks and gluons must be Poincare

and gauge invariant. In sum rules it is achieved by using the Fock-Schwinger gauge
(zu — Z4) @*(z) = O (2.21)

It allows a useful expansion of the background fields in polynomials of the distance
z, — £, between the conveniently chosen orign Z and the actual point of interest. If
the background fields are not rapidly varying on the scale of hadronic size it should
be sufficient for a reasonably good description of hadrons to include a few terms
in the polynomial. Indeed, already the lowest terms in the polynomials lead to
quark and gluon condensates which correlate rezonance properties [2-s] and baryon
massesl??l, The Poincare and gauge invariant results are relatively easy obtained
thanks to three facts. The first one is that the choice of the point T is equivalent to
the choice of gauge and does not contribute to physical quantities. The translation
invariance broken by the choice of I is restored by gauge invariance. The second
fact is that the polynomial coeflicients are gauge covariant quantities, what almost
automatically leads to the desired gauge invariant expressions. The third fact is
that the Fock-Schwinger gauge is Lorentz invariant. Altogether the correct choice
of gauge provides the convenient method of calculation. On the other hand the
light front Hamiltonian approach is based on the choice of gauge AT = ot = 0.
This seems to ruin the possibility to construct a practical dynamical formalism out
of two such different methods. Fortunately, the light front gauge is effectively not
worse than the Fock-Schwinger gauge, as shown in the Appendix. The appropriate

expansion in powers of z* around x = 0 starts with

1 - .
@ = sz, [+ 5L i ] o) (2.22)

w = w+ z,d’we+ 0(z?) ,
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where 7 is the four-vector described in the Appendix. The Fourier space counter-

parts are

e*(z) = fd"k {% (£8% + £+ + 7 1] [ia—%&‘(k)] + ...}e"’" (2.23)

wiz) = f‘”’- {Wo [64(k)] + dwq [z‘a—i—pa‘(k)] + ...}e”"

and we introduce them into the Hamiltonian. If we put x* = 0 in the above expan-
sions, then the integral over k= can be done immediately and the z* dependence
(’time’ dependence) of the background fields is lost. It is properly reconstructed in
further calculations in Section III on the basis of the following observation.

Let us write the background fields in the form
(z) = f &k at (k) : & (2.24)
w(z) = fd“k - w(k) - e*®
and observe that we can write their £+ dependence like

a*(z) = eih= . gr(zt =0,7) e " (2.25)

w(z) = e .y(zt =0,7)-e 3
if the formal conditions

[h,a*(k)] = k= -a*(k) (2.26)
[h,w(k)] = k™ -w(k)

hold, where h is the part of the Hamiltonian which counts the background fields.
Thus we may consider

Ho=H(zt=0)=H+h (2.27)

as the conserved Hamiltonian and haveto include A in a construction of the evolution

operator.

If we could introduce §’, a gap value of k* almost equal to the parameter &§, and
if we limit the background fields not by é but by the many times smaller difference
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6 — &', then the Hamiltonian H would not be able to create particles from the
vacuum| 1 > . Then the eigenvalue equation H; | {1 >= 0 implies A | 1 >= 0.
However, we can not consistently require both that A | 1 >= 0 and that the
Hamiltonian 2 counts energies of the background fields. The only possibility is
to define the Hamiltonian by subtracting its vacuum eigenvalue Ag, which is even

expected to be infinite 4. Finally we obtain
Ho=H+h-X (2.28)

where H is given by equations (2.12)-(2.15) with all fields taken at 2* = 0 according
to the expansions {2.16) and (2.24), k is the background Hamiltonian satisfying the
commutation relations (2.26) and Ag is the number which shifts the vacuum energy
to zero. The Hamiltonian k — A¢ must be commuted through all background fields

involved in calculations to reconstruct their z+ dependence.

III. The Vacuum Polarization

The vacuum polarization tensor we are considering is
m(g) =+ [ d'z & < Q| T, ()2 (0)] 2> (3.1)
where the quark current J! is defined as
JE(z) = ¢zt D)z, I) :
= eHT Pzt = 0, )y (st = 0,3) : e~ (3.2)
= NI [ (D) (2) ¢ +P(E v (E) +
+@(D)TYE) + D@ W(E)]org - eI

and the last normal ordering is understood as putting creators to the left of anili-

nators.The % ordering operator acts as follows
T, [J(z*) - J(0)] = 8(z*) - (z*) - J(0) + 6(~2%) - J(0) - J(z*)  (3.3)

We want to check if the light front Hamiltonian calculation of II#¥{g) agrees with
the results of Referencel>¢l. First we illustrate some basically simple light front
techniques to shorten the later discussion of more complicated calculations.
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A. Basic Calcuational Tools

After observing that for ¢t > 6 only the first z* ordering survives we act with the
left-most exponential factor to the left vacuum bra and integrate over z* to obtain

Y B (3.4
<0 | @YD) ] lermo [6 — (H R = 20) + 1€ [ @u(0)1wi(0) 1] | 9 >

Consequently, the Hamiltonian must be commuted here to the left vacuum bra to

reconstruct the z+ dependence of the background quark field,

It is convenient to extract the vacuum polarization II{¢?) from the tensor

" (g) = (¢*¢" — ¢’¢*") - I1(¢%) (3.5)

by considering the component II** (g} = ¢*¢*Il(g?). The terms which are inde-
pendent of w and of the interaction part H; in the Hamiltonian H = Hy, + H;

Ot = — [ dodatedrts -t (3.6)
<] [ HDY @) ] lermo - [a - Ho] T - [ PO () ] 10>

We insert the expansion (2.16) for ¥(Z)|,,_,, use the property of the light front
splitting that b; | 3 >=d, | 1 >=0 for k* > §, execute the commutation relations
{2.17) and obtain

et-8 dkt kt? +m? (¢t — kt)? + m? -
1’[++ — _3/ f 21.L - _ _ . ]
1 ;o] 8¢ e T — &+ (3.7)

The generic substitution

k¥ 1 Lo
zz—q:, k- =z-q +1 (3.8)

results here in the integral (x = §/¢%)

Ini* =g*g" f /dzzL [:(21-!;";) ‘12] B . (3.9)
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Using rotational symmetry around 3"¢ axis and changing to the polar coordinates

in the transverse plane of I we can substitute [*? = £(1 — )z which gives

3 1-&
2n2 Ju

My (¢%) = dz J:(l—a:/:o dz [z+ _m qz]“l (3.10)

z(l — x) a

Another often used substitution is £ = (1 + u) leading here to

3 1-2x o0 a— u? -1
it = j du(l — "'f dz |z + 3.11
1 1672 J_(1-2x) u(l - v’) 0 1—wu? ( )
where a = 1 + 45‘: and Q? = —¢?. For a = 1 we would obtain neglecting «
M(Q%u7) = Jim (@) — () (.12
1 4 1 1
= Jim — ["a -
A—voc 472 Jo z—qt z+4pu?
1, @
L .
which illustrates the subtraction procedure at ¢ = —u? and agrees with the equa-

tion (3.3) of the Referencel*2l. If the quark mass is to be taken into account we
can calculate the imaginary part of II3(¢?) recalling se from the equation (3.4).
Neglecting « we get

2

ImIl;(s) = %Ald:c:c(l—z)['fdz 1r5[z+h—s)
= 53;]01 dz z(l—-m]ﬂ(—x(;n—jz)—-’rs) (3.13)
= Z]';ﬂ%:——ﬂﬂ(s — 4m?)

where a = 1 — #™2_ This agrees with the eq. (4.2) of the Reference!??] where T3 (¢?)

is calculated from Imll;(s) via dispersion relation.

All the above agreement reflects the equivalence of the light front formulation
of perturbation theory and the Feynman rules. The interesting fact is that we have
only one z* ordered diagram from Fig. 1, while in other time ordered formulations
(instant forms) we would have two time ordered diagrams, equivalent to the one
Feynman loop diagram.



-14- FERMILAB-Pub-86/123-T

Figure 1: O — order perturbative part of the vacuum, polarisetion. The vertical
line denotes the state of & quark and an antiquark in the vacoum | 0 >,
The subacript ‘on’ reminds us that &7, = (k43 + m?)/k*.

B. The Quark Condensate

To check the coefficient of the matrix element < 11 | @w | 2 > in II{¢?) we restrict
ourselves to the zero order term in the coupling constant. Then the relevant terms

are
M = _fdz"dlee%-qh-"."l'i (3.14)

< 0| [BEHE) + BET D] Lyeno [~ Ho+h = X)) -
@)1+ 9(0) + DO)r*w(0)] |0 >
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Inserting the expansions from equations (2.16) and (2.24) we see that only two

terms

< | [‘T)(-‘E%W’(—}(f)] ct=0 |07 — (Ho+ h — -\0)]“1 Y- (07 w(0) | B > +

z+=0 [Q— —(Ho+h— Ao)]_l @(0)y ¢ (0) | O >

(3.15)

+ <0 | [Fo@vrw@)

are contributing. Commuting the denominator to the left, executing all commuta-
tion relations, using the light front splitting properties and after summing indices

and integrating over momenta we obtain the expression

3 t yH - K+ m)yt
++ = L — — .. .]8 0
;.. = fdk{ < 1| {[wo-i—d"wo: -+ 16 (k)} ~ q E 5 Wo 1>+

+ _ + s
+ <1 |G‘n’r (gi_:_kl)éz ::13 {[wo + d’wui% + J 6"(k)} | 0 >] (3.16)

illustrated by diagrams from Fig. 2.

[q‘+k‘-(q+k)§n]_]

Figure 2:  Diagramruatic representation of the quark tondensate coefficient to the
lowest order of perturbation theory.

Noting that
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1 .,1
< |u‘33aw$g ! l>= Eﬁabz af < Y] | oo | > (3.17)
we see that only the terms with covariant derivatives give non-zero results.Thus we
arrive at
. a (g + k)t
4 _ . — ot 2P
nt,. = 4’31:# (T k) —m? le=o - < 1| oy dPwo | ©1 > (3.18)

and using the fact that

< Q@S- dWd, | 0 >= %5“(7“),,,,“ <0 | @ow | 0 > (3.19)
we finally obtain
nt:.=- 9 7 le=0 - 2m < Q | @owo | 11 > (3.20)
dk~ (g + k) — m2
or
Megws = Eg:— < 0| &owe | 13> (3.21)

in complete agreement with Referencel??l,

C. The Gluon Condensate

For massive quarks and in leading order of perturbation theory the gluon condensate

coefficient follows from
nif,., = - /dz'dzzle%th_iqlﬁ . (3.22)
<t | [ @7 @) ] e [ - (B + R - 2] [ BOT(0) ] 10>

where only the terms

(1) (2)_./d ~ gzt 2
H'+H z [gw¢¢+g¢¢23+

¢¢l - (3.23)

from the interaction Hamiltonian H; = H — Hj contribute. An expansion up to
terms bilinear in the background fields gives
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oo - (H+hr- J\o)]_l = (3.24)

1 (1) 1 () ) 1
= . H H;y + Hi |- .
g~ — Ho — {h — o) [ g —Hy—(h—2) ! g = Ho— (h— )

The already familiar procedure generates six expressions illustrated by diagrams in
Fig. 3. Such small number of diagrams is a remarkable feature because in formu-
lations other than the light front form (if it would be possible) one would expect

3-4! = 72 time ordered diagrams.

k, b3

TR TN

3
1
C « D
. 1
— {'p*k”nn
%g o
K2 H{"’kz)on
E F

@—-—[ q'+k; +k'2— ( p‘+k;n+k‘2+k; )]"
I - - 1=
@ = [ q+k; +ig-(g+ikrk, )4k 1]

@[ i+ (ke ky+hy 150

Figure 3:  All diagrama contributing to the gluon condensate coefficient in the
lowest order of perturbation theory. The notation examples are given.
The sum of the diagrame is equal 2{X + Y) where X = A+ B =C+D
ad Y =E=F.

According to the equalities observed in Fig. 3. the complete answer is (we neglect
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6 < ¢t %)
1 9 &% 1 .
M = —167r3.[o ptktq- —p- — k- /dk‘d‘kﬁmg a(kz)ay, (ki) 101>
Tr(g+ m)v**(d— k+ Kz + mpy(p+ at Kot m)y? EoT | (3.25)
[(q-—k+k2) mz][(q—k+k1+k2)2 m’] )
_Tr(g+m)v (gt Ko+ miyt (K4 Ko — m)y*(E - m)y?
[(q —k + k2)2 - m’] [(q - (p + kz)gn -+ kl -+ kg)z — mz]
where
~ 12 _+_ m2 _ k.Lz _+_ m

P z?—p—+~*,k+=q+—p“’”,k*= otk = (3.26)

The vacuum expectation value of the background gluon fields is
1 Cph
< | g%a (ko)al (k) | Q> = —— <0 @ foufo® | Q> (3.27)

48
g e8| [ 6tk
It follows from equation (2.23) and the vacuum property that
<G LRR |0 >= 5™ - ) < B 10> L (328)
The tensor A may be written as follows

Ai2?1 — (ngﬂl + npzﬁﬂl + nﬂlﬁﬂ?)(g“lpz — ﬂ#zﬁ#1 —_ n#1ﬁ#2) + (3.29)

(g#l + nhnﬂl - n rfﬂl)(gy; + npln#: - nplﬁpg):

where the light front vectors n and 7 are described in the Appendix.

The most ergonomic way to evaluate (3.27) is to use the fact that only 13 from
256 elements of the tensor A are different from zero. One sums up the correspond-
ing contributions to (3.25), calculating them separately. Some algebra and generic
substitutions described in Section ITL.A. allow the elementary derivation of the an-

swer

<0|g@funf” 0>
Mifrs =q"q" - 8 g ¥ (3.30)
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where
© __3a+D(e-1? 1, Ja+l _3a'+2a-3

4a? 22 a-1 4a?

anda=1- ‘—q"%’—, in agreement with equation {4.5) of Referencel?2l.

(3.31)

IV. Conclusion

The light front Hamiltonian formulation of QCD contains singularities which
can be removed at a price of introducing vacuum expectation values of different
fields. The most important vacuum expectation values are quark and gluon con-
densates. The canonical light front calculation of their coefficients in the vacuum
polarization induced by the quark vector current reproduces formulas used in the
QCD sum rules’?. The sum rules show that the quark and gluon condensates are
universal numbers which explain many features of the hadronic spectrum. The light
front Hamiltonian, which contains terms introducing condensates, may then have a
chance to describe the structure of hadrons to a good approximation. The following

additional reasons support this hope.

The light front scheme offers a relativistic formulation of the few body problem
free from typical difficulties™*) such as boosting the bound states. The most trans-
parent description of the short distance structure of hadrons is achieved just using
light front dynamics!!l. The new terms in the Hamiltonian containing background
fields act at distances on the order of the hadronic size. The gluon condensate pro-
vides forces looking like the harmonic oscilator force confining color. A choice of the
origin of the harmonic potential does not violate translation invariance because it is
equivalent to a choice of gauge. The harmonic constant of the potential is propor-
tional to the gluon condensate. There is a chance to explain in QCD the existence
of the bag pressure by the value of the gluon condensate. There is no problem with
relativistic motion of bags. The quark condensate is a signal of chiral symmetry
breaking. Both quarks and gluons are expected to obtain effective masses. The
notion of the mass of a confined object like a quark or a gluon can be introduced
by means of the effective parameter which plays the role of a mass in the eigenvalue
equation of the Hamiltonian.
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The light front Hamiltonian suggests the following picture of the nucleon

IN> = ¢iqldld] | 0>+l dldlale’ |0 >+ (4.1)

+¢£;qq1q;q;(j?q1 | 1 > +(less important terms)

The light front Fock wave functions describe pointlike quarks and gluons by effective
parameters resulting from the interaction of these particles with the vacuum | 1 > .
The truncation of 'less important terms’ may be a good approximation if at small
virtualities the effective constituent masses are large enough and the interactions
are such that the additional components would have to raise the eigenvalue of the
Hamiltonian. The first wave function go_i,f;’ would provide a direct connection be-
tween notions of constituent and current quarks. A phenomenological model based
on this idea gives good agreement with static and deep inelastic nucleon datal®.
The wave function t,bL?i would explain the origin of counting rules in exclusive pro-
cesses or the half of the nucleon momentum carried by gluons in the deep inelastic
structure function F;. The third wave function would explain the asymptotic be-
haviour of the first onel®l and the presence of a meson cloud around the nucleon
core.Perturbative effects would be superposed on this leading approximation. The

eigenvalue problem for the new Hamiltonian deserves investigation.

Further tests of the Hamiltonian have to be carried out. A careful treatment of
the parameter § splitting fields is not completed yet. Consequently, the mixing of
gluons and massless quarks still awaits explanation. The delicate point of renor-
malization in the presence of 6 is not clear. Physical results must be independent
of the actual value of the parameter §. This may lead to a set of é-invariance condi-
tions. The flow of probability through the §-splitting might lead to the low energy
theorems!”. Although it is difficult to draw firm conclusions at this stage, we hope
that the approach we have outlined will lead the way to a description of hadronic

structure,
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ue® = L (d=f5 + &P fE )
(A.16)
P L 7o - uPé + ;?'B L L 7. u>Bs + ﬁﬁ L N
- [ﬁaﬁﬁ cubs A7 - ukfs ﬁﬂﬁﬁ T Y
+ ﬁﬂﬁ‘r Lybod ﬁﬂﬁi . uheT 4 ﬁ'rﬁi . u‘“'"]n,.,+
+ [ﬁaﬁﬂﬁﬂ cuhvé 4 ﬁaﬁﬂﬁﬁ CuttTy
+ 7GRS w4 GO - uR S n,n,

wePT = (4P 4T 4 A [P+ AP
+ dPdefE7 4 dVdB fre + d*dT f4P)n,

Each succeeding-order correction does not modify the previous result. The field tensor
f#¥ and the quark field look like

Y o= fBY 4oz, AoV 4 -;—xa::p[dadﬁ v —2i(a%f ) fev)] - 0(z?)

1 .
W= We + Ta - d%Ww, + —2—.7:,,:cﬁ . (d"dﬂwo — 25\ we)+

(A.1T)
1 . .
+ §TatsZy (d*dPd7w, — BIASP . dTw, — BIAPTY - wo)+
1 . .
+ ﬂ:nzﬁzng . (d"d‘sdqdaw,, —12¢0%8 . 7@, — 24i0*PT . B+
— 24i0%P8 L, —122°P . A0 L )
+ 0(z?).
Similar expansions exist in axial gauges n,A* = 0 when n? = +1. It remains to

substitute § = n and n = n, roughly speaking. The choice of the origin of the expansion is
equivalent to a choice of gauge because it is so in the Fock-Schwinger gauge and we obtain
the at = 0 expansion by a gauge transform from the Fock - Schwinger gauge. The gauge
condition et = 0 is invariant under three independent Lorentz boosts under which the
whole light front scheme is invariant.

The expansion (A.16} is not, in fact, complicated if we can restrict it to the lowest
terms.



Appendix
Let us denote fields as follows

Ag =A+a

YVe=Yt+w
sD¥ = 19¥ — gA*
id* = 9% — ga*
F#¥ = {g[D¥, D¥]
B = ig[d*,d"]

FERMILAB-Pub-86/123-T

and introduce A and ¥, the background fields in the Fock-Schwinger gauge z,A¥* = 0,

{D* = {3* — gA*®,

F#¥ = ig[D*,D"|. (A.2)
The fields A and 9 can be expanded around z = 0 as follows 2]
At = 2 10' ‘FOH + — 3Ti%ee D®F&# + S FaThTp " D°DPF?* + ..
i‘ vo +zo-D 1’0 _zazﬁ DﬂDp‘* +. (A.3)

Suppose the background fields a and w are related to the background fields A and % by

the gauge transformation h

A*=h.g* Rl 4 lgrp . pt
g
Y=Fh-w (A.4)
Then the covariant derivatives are connected by
iD* . {DFH = h.{d*,, idofHY . p7?
(A.5)
D D¢ = h.id™ .. id"w
Therefore, if we impose the condition
R(0) =1, (4.6)
then the expansions (A.3) can be rewritten as
1
Ar = ot L g ReTe 4-2! G
(A.7)

1
¢=u0+za-d“wo+Ezaa:p-d"dpwo-i—... ,

1
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i.e. gauge covariant expressions containing gauge covariant coefficients in the at = 0
gauge. The expansion we are looking for can be found from the inverse relation to (A.4)

a“=h“-A“-h~—§h“-a"'h

(A.8)
w = h_lf;

where A* and 4§ are given by (A.7) and the gauge transformation h is a solution to the
condition at =0

ath=9. A% .1 (A.9)
3
with the constraint condition {A.6).
We can represent _
ho= et (A.10)
and find order by order in powers of z#
A= Do+ Azt + Azt 4L (A.11)

To construct the solution we need two vectors n and # equal to

n=(n"=29"=0,7" =0

(A.12)

i=(7" =0, =17 =0)

The only difficulty is to find solutions of the equations like
A+a;...c,. — ual...a.. (A.13)

where ¢ 1%~ is a symmetric tensor and A®®:-®» ig a symmetric tensor. This is done by
writing ~
Apa,....a.. — ﬁ” . uul...u,,, (A-14)

symmetrizing in indices x and a;,f = 1,...,n, subtracting unwanted walls, cubes, ... and
adding lost edges of the desired tensor A®e®1--%n,

We have calculated the resulting expansion up to third order in z#. It reads

1 4 1 9
GP = EIp . [fg# + 5).”‘] + ga:o,zp[d“ff“ + EA“"”]+ (A.15)
+ 37azpz d d I8 — AP, 2 + EA"“] + %Aaﬁw] +0(z4).

where

A = o P um, we =L, pe
raBv zﬁa.uﬁ1+ﬁﬁ,ua7+ﬁ1,uaﬁ+

— [25P - whT + 5T - ubP 4 P57 uen,
2



